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Abstract

Ultrafast laser processing enables the creation of functional surfaces in metals, semiconduc-
tors, ceramics, polymers and other materials through spatially controlled nonequilibrium
energy deposition. However, the resulting surface functionality cannot be explained solely
by laser parameters or geometric features. Femtosecond irradiation induces a sequence of
coupled processes, including nanoscale structuring, phase transformation, chemical modi-
fication, defect formation, and relaxation, which define the final surface state. This review
introduces the Surface-by-Design concept, where functional surfaces are considered as
engineered material states formed through controlled laser–matter interaction rather than
as predefined patterns. Representative examples including laser-induced periodic surface
structures, hierarchical micro/nanotextures, modified oxide layers, and laser-generated
functional interfaces are analyzed in relation to wettability, tribological behavior, corro-
sion resistance, optical response, and other properties. The review further examines how
advanced characterization, digital engineering, beam shaping, in situ diagnostics, and
data-driven methods contribute to controlling surface evolution. Remaining challenges
include reproducibility, scalability, and reliable prediction of functional behavior during
service conditions. Future progress in femtosecond laser surface engineering will depend
on the ability to control not only the generated morphology but also the evolving structural
and physicochemical state of functional interfaces.

Keywords: femtosecond laser processing; laser–matter interaction; multiscale architectures;
functional surfaces; beam shaping; adaptive control

1. Introduction
The functional characteristics of engineering components are largely determined

by their near-surface region, where processes such as friction, wear, corrosion, wetting,
heat transfer, adhesion, icing and interaction with biological entities take place. Unlike
bulk modification approaches, surface engineering enables the adjustment of interfacial
properties without changing the entire material system, providing an effective route for
improving component performance and durability. Among advanced surface modification
technologies, ultrashort-pulse laser processing offers unique capabilities for localized
energy deposition and the fabrication of micro- and nanostructured surfaces with controlled
morphology, composition, and functional response [1,2].

Ultrafast laser processing has enabled the fabrication of metallic surfaces with tailored
wettability, tribological characteristics, corrosion resistance, and other application-specific
functionalities. Periodic laser-induced structures, hierarchical micro/nanotopographies,
and laser-modified near-surface layers can significantly alter interactions between materials
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and their surrounding environment. However, the relationship between laser process-
ing conditions and the resulting functional performance remains strongly dependent on
material properties, irradiation strategy, and operational conditions [3,4].

Despite extensive experimental progress, laser surface engineering is still predomi-
nantly based on empirical optimization. In many studies, laser fluence, pulse duration,
repetition rate, scanning parameters, and related processing variables are systematically
varied, followed by characterization of the resulting structures and properties. Although
this approach has generated a large knowledge base, it mainly identifies suitable processing
conditions rather than establishing transferable principles for designing surfaces with
predefined functionality [5]. Existing models describing ultrafast laser structuring have
demonstrated the importance of connecting laser energy deposition with material response
and structure formation; however, predictive relationships between processing, evolving
surface states, and functional performance remain limited [6].

A fundamental challenge arises from the observation that similar surface morpholo-
gies can lead to substantially different functional responses when produced on different
materials or under different processing conditions. Surface performance is determined not
only by geometrical features but also by the coupled evolution of structural, chemical, and
mechanical states, including phase transformations, compositional redistribution, oxida-
tion processes, defect formation, and environmental aging. Therefore, morphology-based
correlations alone cannot provide universal design principles for functional surfaces, since
their performance depends on the coupled evolution of structural, chemical, and interfa-
cial states [7]. The current field remains characterized by numerous application-oriented
solutions rather than a unified methodology connecting laser–matter interaction, surface
evolution, and functional performance [8].

The transition from empirical optimization toward rational materials design has
become a major direction in modern materials science. Concepts such as Integrated Com-
putational Materials Engineering (ICME), Materials-by-Design, and intelligent materials
design aim to establish predictive relationships between processing, structure, and proper-
ties through the integration of physical models, simulations, and experimental data [9–11].
However, extending these concepts to laser-engineered surfaces remains challenging be-
cause laser-modified interfaces represent open and dynamic systems continuously affected
by oxidation, adsorption, contamination, mechanical loading, and environmental expo-
sure [12].

Consequently, functional surfaces should not be considered as static structures gener-
ated during laser processing. Their performance depends on the continuous evolution of
morphology, composition, phase state, and interfacial properties during fabrication and
service. This requires a design approach in which the surface is treated as the primary
engineered object rather than as a passive consequence of bulk material processing [13].

Recent advances in ultrafast laser technologies provide new opportunities for such a
transition. Micro- and nanoengineering of surfaces using short- and ultrashort-pulse lasers
has demonstrated that controlled manipulation of laser energy deposition can generate
complex architectures with multifunctional responses [14]. Diffractive beam management
and laser interference approaches enable controlled spatial distribution of deposited en-
ergy, allowing predefined periodic and hierarchical structures to be produced rather than
identified solely through parameter screening [15]. Furthermore, structured light and
dynamic beam-shaping strategies provide additional control over the spatial and tempo-
ral characteristics of laser irradiation, expanding the possibilities for controlled surface
fabrication [16,17].

The development of adaptive optical systems, digital holography, and programmable
beam-shaping technologies represents a further step toward deterministic laser manufac-
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turing. These approaches transform the laser field into an adjustable processing parameter,
enabling spatially selective energy delivery and efficient fabrication of complex surface
architectures [18,19]. Such capabilities are particularly important for industrial implementa-
tion, where reproducibility, scalability, and process stability are essential requirements [20].

Within this context, laser surface engineering can be reconsidered as an interface
design approach based on the concept of Surface-by-Design. The central principle is that
functional performance should not be interpreted as a direct consequence of isolated laser
parameters or individual structural features. Instead, it emerges from a controlled se-
quence of interconnected processes, including optical energy delivery, ultrafast electron
and lattice dynamics, material redistribution, phase and chemical transformations, struc-
ture formation, and subsequent interaction with the environment [21]. This perspective
establishes a causal relationship between processing conditions, evolving surface state, and
functional performance.

The Surface-by-Design concept proposed in this review considers the desired func-
tional response together with the evolution of the surface state as the basis for surface devel-
opment. The required combination of structural organization, chemical state, and interfacial
properties defines the necessary material transformations and laser processing strategy. Re-
cent developments in intelligent materials design and predictive engineering demonstrate
the potential of moving beyond trial-and-error optimization toward knowledge-based
approaches [22]. Moreover, understanding the mechanical and functional behavior of
laser-engineered surfaces provides the basis for incorporating long-term reliability into the
design process rather than treating it only as a final evaluation criterion [23].

The objective of this review is to propose a Surface-by-Design framework for laser-
engineered functional surfaces by analyzing causal relationships between ultrafast laser–
matter interactions, material evolution, surface architecture formation, and resulting per-
formance. Rather than presenting a classification of laser processing methods or individual
applications, this work identifies common physical principles governing the formation and
evolution of functional surfaces across different material systems.

2. Fundamentals of Ultrafast Laser–Alloy Interaction
The interaction of ultrashort laser pulses with metallic alloys is a hierarchical nonequi-

librium process in which absorbed optical energy is initially transferred to the electronic
subsystem and subsequently redistributed to the lattice through electron–phonon coupling.
Under femtosecond excitation, electrons are driven into highly nonequilibrium states that
deviate significantly from classical thermal diffusion assumptions, requiring the use of the
two-temperature model (TTM). Within this framework, electron–phonon coupling depends
on electron temperature and local thermodynamic conditions, resulting in nonlinear en-
ergy exchange and defining the characteristic timescales of energy relaxation and lattice
heating [24–27].

Subsequent extensions of the TTM framework have aimed to provide more physi-
cally consistent descriptions of coupled electronic and atomic dynamics during ultrafast
excitation. These models incorporate temperature-dependent electron–phonon coupling
coefficients and transient variations in material properties, revealing pronounced spatial
and temporal heterogeneity in energy transfer. Hybrid atomistic–continuum approaches
combining TTM with molecular dynamics simulations enable atomic-scale analysis of
phase transitions, defect generation, and structural rearrangement induced by femtosecond
irradiation [28]. Time-dependent Boltzmann transport approaches extend this description
by explicitly considering nonequilibrium electron and phonon kinetics beyond the assump-
tion of independent quasi-equilibrium subsystems [29]. These modelling approaches are
complementary, with their applicability determined by the characteristic temporal and
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spatial scales of the investigated phenomena and by the required balance between physical
accuracy and computational efficiency.

The dynamics of energy transfer after ultrafast excitation are strongly influenced by
excitation density, electronic structure, and material composition. Variations in electron–
phonon coupling modify the temporal evolution of energy redistribution and determine
the conditions for phase transformation and material modification. Ultrafast diffraction
studies have shown that electron–phonon coupling may exhibit pronounced momentum
dependence, resulting in preferential energy transfer to specific phonon modes rather than
uniform lattice heating [30,31]. As illustrated in Figure 1, femtosecond laser excitation
initially produces a highly nonequilibrium electronic state. During the subsequent pi-
cosecond evolution, energy is transferred from hot electrons to strongly coupled phonon
modes, including high-q phonons near the Brillouin zone boundary. At intermediate times,
phonon–phonon scattering redistributes energy among vibrational modes, while at longer
times the electron and lattice subsystems approach quasi-equilibrium. These results indi-
cate that ultrafast laser irradiation should be described as a dynamic evolution of coupled
electronic, vibrational, and structural states rather than as a simple thermal process.

Figure 1. Evolution of nonequilibrium electron–phonon energy transfer following femtosecond laser
excitation. The phonon dispersion is shown along the high-symmetry direction of the Brillouin zone
from Γ to H, including the intermediate 0.5 H position; the vertical axis represents phonon frequency.
(A) At ∆t = 1 ps, hot electrons (Te ≫ Ti) transfer energy preferentially to strongly coupled high-q
phonon modes. (B) At ∆t = 3 ps, phonon–phonon scattering redistributes energy among different
vibrational modes. (C) At ∆t = 20 ps, the electron and lattice subsystems approach quasi-equilibrium
with bidirectional energy exchange. Dashed and solid curves denote longitudinal acoustic (LA) and
transverse acoustic (TA1,2) phonon branches, respectively (adapted from Ref. [30]).

To describe the earliest stages of laser–metal interaction, extended two-temperature
models (eTTM) have been developed, in which the initially excited nonthermal electron
population is treated as an additional nonequilibrium subsystem coupled to the ther-
malized electron population and the lattice. These models describe transient electronic
evolution before thermalization and provide a more accurate representation of ultrafast
energy redistribution preceding material modification under intense optical excitation [32].
The subsequent evolution of the irradiated region involves nonequilibrium heat transport,
for which conventional Fourier-based descriptions become insufficient. Hyperbolic and
nonlocal transport models account for finite propagation velocities of thermal disturbances
and memory effects associated with ultrafast energy transfer [33]. Three-dimensional
simulations further indicate that reliable prediction of femtosecond laser ablation requires
consideration of spatially heterogeneous energy deposition and complex transport phe-
nomena within the irradiated volume [34].

Ultrafast laser processing involves strongly coupled energy transport, phase transfor-
mation, and mechanical response. Rapid energy deposition generates transient thermal
stresses and mechanical instabilities that influence the geometry of the modified region and
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the pathways of surface transformation [35]. Molecular dynamics simulations of ultrafast
laser irradiation of metallic alloys have revealed atomic-scale structural rearrangement,
defect formation, and phase evolution induced by these processes [36]. In multicom-
ponent alloys, nonequilibrium electronic excitation is particularly important because it
modifies local thermodynamic conditions and affects subsequent mass transport. As a
consequence, selective evaporation of alloying elements, redistribution of chemical species,
and compositionally heterogeneous surface states may develop during irradiation [37].

The spatial distribution of deposited laser energy provides an additional parameter
for controlling surface transformation. Tailored intensity distributions, including flat-top
and structured focal profiles, modify the local excitation conditions and thermal gradients
and thereby influence the resulting surface modification [38]. Laser-induced oxidation also
contributes to surface state modification, as transient thermal and chemical processes pro-
mote the formation of oxide-containing structures during ultrashort-pulse irradiation [39].
These mechanisms establish the physical basis of the Surface-by-Design framework, in
which functional surface states are generated through controlled nonequilibrium material
evolution rather than through morphology modification alone. The modelling and process
design approaches relevant to these mechanisms are compared in Table 1.

Table 1. Critical comparison of modelling and process design approaches.

Approach/
Representative

Refs.
Applicability Principal

Assumptions
Computational

limitations
Predictive
Capability

Suitable
Regimes/Key Gap

Two-temperature
model

(TTM/eTTM)
[24–27,32,35]

Electron–lattice
energy exchange,
transient heating,

and energy
thresholds

associated with
material

modification
in metals

Definable
subsystem

temperatures and
continuum

properties; eTTM
adds nonthermal

electrons

Needs
temperature-

dependent data;
misses momentum
kinetics, atomistic
defects, and full

morphology

Calibrated
transient

temperatures and
relaxation trends;

weak direct
final-morphology

prediction

Fs metal excitation
before large-scale

flow. Gap:
coupling to defects
and morphology.

Molecular
dynamics (MD;

often
TTM–MD) [28,36]

Atomic melting,
spallation, phase

change,
defects, alloy

rearrangement

Valid interatomic
potentials; finite
cell/time; hybrid

electronic coupling

Very costly; nm/ns
scales; potential
and boundary

sensitivity

Strong
atomic-scale

mechanisms; weak
scan-track or

long-term
prediction

Single/few-pulse
local response.

Gap: scale
bridging to

repeated scanning
and function.

Time-dependent
Boltzmann

transport [29,33]

Nonequilibrium,
nonlocal

electron/phonon
transport

Approximated
distributions and
collision integrals;

meaningful
quasiparticles

High-dimensional
and

input-intensive;
difficult

geometry/phase
coupling

Higher early-time
fidelity than TTM;

needs other
models for

morphology

Earliest fs–ps
stages. Gap:

efficient coupling
to phase and

surface evolution.

Hydrodynamic/
multiphase

evolution [35]

Material
redistribution,
recoil, capil-

lary/Marangoni
effects,

plume/removal,
grooves/ridges

Continuum flow,
constitutive laws,
phase boundaries;

simplified
source/free surface

Costly moving
interfaces;

uncertain hot
properties and

nanoscale validity

Morphology
trends;

quantitative
topography is
input-sensitive

Surface evolution.
Gap: instability

criteria.

The comparison shows that the available approaches describe different stages and
scales of ultrafast laser–material interaction rather than providing interchangeable descrip-
tions of the same process. TTM and Boltzmann-based models are primarily suited to
the early stages of energy redistribution, whereas molecular dynamics provides access
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to atomic-scale structural transformations and hydrodynamic approaches describe the
subsequent evolution of material redistribution and surface morphology. Their predictive
capabilities are consequently constrained by the spatial and temporal scales represented
by each approach, as well as by the material parameters required for quantitative mod-
elling. An important challenge is therefore to establish experimentally validated links
between these scale-specific descriptions and the evolution of the surface state under
realistic processing conditions.

3. Surface Structure Formation
The formation of surface structures under ultrashort laser irradiation results from

the coupled evolution of energy deposition, nonequilibrium excitation, transient material
redistribution, and chemical modification over multiple temporal and spatial scales. The
resulting morphology is not determined by a single mechanism but emerges from the
interaction of processes occurring over timescales ranging from femtoseconds to millisec-
onds and length scales from nanometers to hundreds of micrometers. Laser wavelength,
pulse duration, fluence, pulse accumulation, repetition rate, surrounding environment,
and material composition define the relative contribution of these processes and determine
the transition from periodic nanostructures to complex hierarchical micro-/nanostructures
and chemically modified surface layers. Such structural evolution directly influences the
optical, tribological, catalytic, corrosion-related, and wetting behavior of laser-processed
materials [40,41].

Within the hierarchy of laser-induced surface morphologies, laser-induced periodic
surface structures (LIPSS) are among the most extensively studied morphologies formed
during laser surface treatment. Their formation is determined by the combined effects
of electromagnetic excitation, transient material redistribution and the evolution of the
surface state, rather than by a single universal mechanism [42]. LIPSS are usually classified
as low-spatial-frequency (LSFL) and high-spatial-frequency (HSFL) structures, depending
on their spatial period relative to the wavelength of the laser radiation. The formation
of LSFLs is often associated with the interference between incident radiation and surface
electromagnetic waves or scattered light, whereas the formation of HSFLs may additionally
involve nonlinear absorption, local amplification of the electromagnetic field, and changes
in the optical properties of the material [43,44]. The relative contribution of these mecha-
nisms depends on the parameters of the laser irradiation, the properties of the material and
the stage of surface evolution. There is no universal threshold in energy density or pulse
number that allows LSFL and HSFL to be unambiguously distinguished; both structures
may coexist or form sequentially (Figure 2).

Current understanding of LIPSS formation emphasizes the role of positive feedback
between the laser field and the evolving surface. Initial nanoscale perturbations modify the
local electromagnetic field distribution, resulting in spatially nonuniform energy absorp-
tion and further amplification of surface modulation. Numerical simulations and in situ
observations indicate that this feedback contributes to the transition from initial periodic
structures toward quasiperiodic and hierarchical morphologies. Local field enhancement
associated with subsurface nanocavities can promote LSFL splitting and contribute to the
development of homogeneous HSFL patterns [45].

The evolution of LIPSS strongly depends on laser fluence and accumulated pulse
number, progressing from weak periodic modulation to pronounced grooves and three-
dimensional surface architectures. This transformation involves sequential and coupled
processes including energy absorption, electronic excitation, transient melting or ablation,
and hydrodynamic redistribution of modified material [46]. Variation of these parameters
allows modification of periodicity, structural organization, and related functional responses.
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However, practical implementation requires simultaneous preservation of nanoscale preci-
sion and processing throughput. Diffractive optical elements (DOEs) provide an effective
strategy by converting a single ultrafast laser beam into multiple parallel sub-beams, en-
abling simultaneous processing of large surface areas. A 51 × 51 beam matrix containing
2601 sub-beams was demonstrated for parallel LIPSS fabrication on stainless steel, high-
lighting the potential of DOE-based approaches for scalable ultrafast nanostructuring
(Figure 3) [47].

Figure 2. Evolution of laser-induced periodic surface structures on silicon during femtosecond laser
irradiation with increasing pulse number. SEM images obtained after irradiation with (a) N = 5,
(b) N = 10, (c) N = 20, and (d) N = 200 pulses (τ = 78 fs, F = 0.7 J cm−2) demonstrate the transition
from initial LSFL/HSFL coexistence to well-developed quasi-periodic morphologies with increasing
pulse accumulation (adapted from Ref. [44]).

Figure 3. Experimental realization of a DOE-generated multi-beam pattern for parallel LIPSS fabrica-
tion. (a) Full view of the homogeneous 51 × 51 sub-beam matrix generated by the diffractive element.
(b) Magnified view of the central region showing the uniform intensity distribution of the sub-beam
array (adapted from Ref. [47]).

With increasing fluence and pulse accumulation, laser-induced structures evolve
beyond regular ripples toward complex three-dimensional hierarchical architectures. Spa-
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tial variations in energy deposition, transient stress generation, and ultrafast material
redistribution promote the formation of elongated microcones and spike-like structures,
which can subsequently develop additional nanoscale features during continued irradiation
(Figure 4) [48]. The resulting multiscale architectures increase effective surface area and
modify macroscopic responses, including optical absorption, friction, and wetting behavior.
Such structures provide the basis for engineering surfaces with tailored wetting states
ranging from superhydrophobic to superhydrophilic regimes [49].

Figure 4. SEM images of hierarchical LIPSS formed by stationary underwater persistent bubble-
assisted femtosecond laser ablation at a scanning speed of 500 µm s−1 and a line interval of 10 µm.
(a,b) Top-view images at different magnifications; (c,d) tilted-view images showing the multiscale
organization of LSFL and HSFL/UHSFL structures. The arrow E indicates the laser polarization
direction (adapted from Ref. [48]). The scale bars in (a–d) are 5, 1, 3 and 1 µm, respectively.

Surface structural evolution during ultrashort laser processing is frequently accom-
panied by chemical modification resulting from interactions between the laser-activated
region and the surrounding environment. In transitional irradiation regimes, oxide for-
mation and growth depend on local temperature distribution, chemical activity, and oxy-
gen availability. In multicomponent alloys, including Cu–Zn, Mg-, Ni-, and Al-based
systems, additional complexity arises from selective evaporation and redistribution of
alloying elements. These processes modify local composition and can produce spatially
heterogeneous oxide-containing layers with different phase compositions and functional
characteristics [50,51].

The development of oxide-containing surface states is closely coupled with the un-
derlying laser-generated morphology. Surface geometry influences local heat distribution,
chemical reactivity, and subsequent laser absorption, while chemical modification alters op-
tical and thermodynamic conditions during further irradiation. This reciprocal interaction
between structural and chemical evolution demonstrates that laser-functionalized surfaces
should be considered as dynamically evolving material states rather than static geometrical
patterns [52]. This coupling between morphology and chemical evolution is therefore a key
element in developing predictive strategies for laser-functionalized surfaces.

4. Laser Processing Strategies: From Parameter Optimization to Surface
Architecture Control

Surface architecture produced by ultrashort laser processing is governed by the dis-
tribution of deposited energy in space and time. Laser parameters, beam characteristics,
and scanning strategies determine the local excitation conditions and, consequently, the
evolution of the modified surface state. Therefore, control of surface structures requires con-
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sideration of the combined effect of these parameters rather than independent optimization
of individual processing variables. Such approaches define transitions between different in-
teraction regimes, including periodic structure formation, material redistribution, ablation,
and laser-induced chemical modification [53].

Manipulation of the electromagnetic field at the material interface through polarization
control, interference effects, and temporal pulse shaping provides additional possibilities
for modifying energy deposition and structural evolution [54]. Double-pulse femtosecond
irradiation is an example of spatiotemporal control of laser–matter interaction, where
the delay between pulses determines the stage of transient material evolution affected
by the second pulse. By varying this delay, the resulting morphology and hierarchical
organization of the surface can be modified (Figure 5) [55]. This approach demonstrates
that the material’s transitional states can serve as an additional parameter for controlling
surface architecture and functional response. Complementary strategies involve controlled
combination and delivery of multiple laser beams, providing additional flexibility in the
spatial distribution of deposited energy and processing conditions [56].

Figure 5. Surface architecture control by double-pulse femtosecond laser processing. (A–C) SEM im-
ages of laser-generated two-dimensional surface morphologies under different irradiation conditions.
(A′,C′) High-magnification SEM images with fast Fourier transform (FFT) analysis of structural peri-
odicity and symmetry. Optical response changes during azimuthal rotation of the sample (120◦–320◦)
are shown (adapted from Ref. [55]).

The energy density (fluence) and pulse duration determine the balance between elec-
tronic excitation, lattice heating and material ablation. The femtosecond regime limits
the influence of thermal diffusion beyond the irradiated region, enabling localized modi-
fication of the material’s near-surface layer. In scanning processes, the overlap between
adjacent tracks determines energy accumulation, thermal history, and structural evolution.
Variation in scanning-line overlap can induce transitions between periodic nanostructures,
uniform textures, and more developed microstructured morphologies depending on the
applied fluence (Figure 6) [57]. Thus, the scanning strategy affects not only the resulting
morphology but also process stability and reproducibility by altering the conditions under
which the material is repeatedly irradiated.
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Figure 6. Effect of scanning-line overlap on femtosecond laser-induced surface architectures. SEM
images of Ti6Al4V morphologies as a function of laser fluence (F) and scanning-line overlap (LO).
Scale bar: 10 µm (adapted from Ref. [57]).

Temporal control of laser irradiation provides an additional means of modifying
surface evolution. Burst-mode irradiation, in which a sequence of closely spaced sub-
pulses interacts with a transiently modified surface, changes energy accumulation and
ablation dynamics compared with single-pulse processing [58]. In GHz burst excitation,
interpulse intervals become comparable with characteristic electron–lattice relaxation times,
affecting the balance between excitation, heat transport, and material redistribution. This
temporal control can influence structural ordering and reduce variations associated with
stochastic energy accumulation effects. The transition from one-dimensional toward two-
dimensional LIPSS with increasing intra-burst pulse number demonstrates the role of pulse
sequence in controlling nanoscale surface organization (Figure 7) [59].

Figure 7. GHz burst-mode femtosecond laser formation of hierarchical micro-/nanostructures on
single-crystal silicon. A comparison of surface architectures formed with different numbers of pulses
per burst. Panels (a–e) correspond to the N = 50 pulse condition, whereas panels (f–j) correspond to
the N = 200 pulse condition. For each condition, the number of pulses within a burst was further
varied with p values of 1, 2, 3, 5 and 10. Scale bar: 5 µm (Adapted from Ref. [59]).
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Polarization control provides another degree of freedom by modifying the symmetry of
excited electromagnetic modes and the interference conditions between incident radiation
and laser-induced surface waves. As a result, polarization affects the orientation, morphol-
ogy, and spatial organization of laser-generated nanostructures. For example, elliptically
polarized femtosecond laser irradiation of ZnO substrates produced ordered nanopillar
arrays, whereas linear polarization resulted in nanostrip structures, demonstrating the
possibility of polarization-controlled surface morphogenesis [60] (Figure 8).

Figure 8. Effect of polarization control on femtosecond laser-induced ZnO surface structures. SEM
images of nanopillar arrays produced by elliptically polarized irradiation at 1030 nm (A) and 515 nm
(B). Tilted (C) and cross-sectional (D) views show the three-dimensional morphology of the structures
(adapted from Ref. [60]).

Scanning strategies extend localized laser modification toward larger-area surface
engineering by controlling energy accumulation, thermal history, and repeated irradiation
effects. Parameters such as trajectory, hatch distance, and overlap influence structural
uniformity and defect formation during processing. Optimization of these parameters is
therefore important for transferring ultrafast laser texturing from laboratory-scale experi-
ments toward scalable manufacturing approaches [61,62].

Spatial beam shaping enables additional control over the distribution of laser intensity
and supports the transition from sequential processing toward parallel fabrication strategies.
Liquid-crystal spatial light modulators (SLMs) allow dynamic modification of intensity
profiles in the target plane and have been applied for fabrication of functional optical struc-
tures [63]. Further development of ultrafast laser modulation methods provides additional
control over exposure geometry and supports scalable microstructuring processes [64]. In
related manufacturing areas, beam engineering has demonstrated the ability to control
melt-pool geometry and thermal gradients, highlighting the importance of spatial energy
management for material modification [65,66]. Integration of such approaches with adap-
tive monitoring and feedback control may provide opportunities for improving process
stability in future laser manufacturing systems. Optimization of scanning strategies, pulse
overlap, and energy deposition conditions remains essential for improving processing
efficiency and structural quality [67]. Non-diffracting Bessel beams represent another beam
control approach, maintaining localized intensity distributions over extended propagation
distances and enabling uniform femtosecond modification in depth. Such beams have been

https://doi.org/10.3390/coatings16080987

https://doi.org/10.3390/coatings16080987


Coatings 2026, 16, 987 12 of 28

used to form internal microstructures with a high aspect ratio in transparent materials,
utilizing subsequent selective etching processes [68].

Overall, laser beam shaping, burst-mode processing, polarization control and adaptive
scanning are complementary methods for controlling surface evolution during ultrafast
laser processing. In this context, surface morphology is regarded not as a direct consequence
of a single laser exposure parameter, but as the result of the interaction between energy in-
put, material response and processing history. This approach links ultrafast laser processing
to the Surface-by-Design concept, establishing a connection between controlled irradiation
conditions, the resulting surface architecture, chemical state, and functional characteristics.

5. Structure–Property Relationships
Multiscale architectures produced by ultrashort laser irradiation provide a basis for

tailoring surface functionality. The relationship between surface morphology and functional
performance is often more complex than simple structure–property correlations indicate,
since laser processing modifies not only surface geometry but also the associated chemical
and structural states. Similar structural patterns may lead to different functional responses
because laser processing simultaneously affects chemical composition, phase state, and
defect population. Therefore, structure–property relationships in ultrafast laser processing
should be understood through the coupled evolution of surface morphology, chemical
composition, phase state, and defects, which collectively influence functional characteristics
such as wettability, tribological behavior, corrosion resistance, and optical properties [69,70].

Establishing such relationships requires correlating the final surface state with the
sequence of transformations occurring during laser irradiation. Electromagnetic excitation,
energy redistribution, phase transitions, material transport, and defect formation collec-
tively define the morphology and physicochemical state of the modified layer. Multiscale
modelling approaches combining electromagnetic simulations, two-temperature models,
hydrodynamic descriptions, and atomistic simulations allow processing conditions to
be correlated with structural evolution and functional response (Figure 9) [71]. Such ap-
proaches are important for developing predictive descriptions of laser-engineered surfaces,
where functional properties are associated with the evolution of material states rather than
with morphology alone.

Figure 9. Multiscale model describing the evolution of laser-induced surface structures during ultra-
short laser irradiation. Electromagnetic excitation, electron–lattice energy transfer, hydrodynamic
evolution, atomic rearrangement, and surface relaxation represent interconnected stages that deter-
mine the formation of hierarchical architectures and their resulting functional properties (adapted
from Ref. [71]).
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Hierarchical morphology provides a versatile basis for tailoring surface functionality,
with its effects depending on the material, structural scale, and associated surface state.
In tissue engineering applications, hierarchical micro-/nanotopographies have been used
to control cell morphology, adhesion, migration, and bacterial colonization on zirconia
surfaces [72]. In ultrashort-pulse laser-processed poly-lactic acid, variations in fluence
and scanning velocity produced different hierarchical surface microstructures and enabled
substantial changes in wettability and cellular behavior [73]. For wettability control, the
functional effect arises from the coupled influence of multiscale topography and surface
chemistry: micro- and nanostructures modify the effective liquid–solid contact area and
droplet spreading, while trapped gas regions can promote the Cassie–Baxter regime and
reduce droplet adhesion. The influence of material properties, laser processing conditions,
surface morphology, and chemical modification on wettability-functional surfaces has been
systematically discussed in [74]. Beyond wettability, such coupled surface states can provide
multiple functional properties simultaneously, as demonstrated by nano-hierarchical LIPSS
combining anti-corrosion and anti-icing performance [75].

Tribological performance of laser-engineered surfaces depends on changes in surface
morphology, hardness, residual stress, and subsurface microstructure. Hierarchical textures
can reduce direct contact and support lubricant retention, thereby affecting friction and
wear [76–78]. In AISI 9310 gear steel, femtosecond laser shock peening reduced the wear
rate by 10.1%–61.7% while simultaneously increasing hardness, compressive residual stress,
and work-hardening depth [79]. Similarly, femtosecond laser peening of AA2024 aluminum
increased compressive residual stress and hardness and improved fatigue life by up to
38-fold [80]. These results demonstrate the functional relevance of the modified surface
state, but do not establish the independent contribution of any single parameter because
the relevant surface state variables changed simultaneously.

Ultrafast laser processing enables simultaneous modification of surface morphology
and near-surface chemical composition, providing additional control over functional sur-
face properties. The formation of LIPSS is affected not only by electromagnetic energy
redistribution and transient material response but also by laser-induced chemical transfor-
mations. In particular, the formation and evolution of oxide layers during femtosecond
irradiation can alter local optical properties, energy absorption characteristics and surface
stability, thereby influencing the formation and final characteristics of laser-formed periodic
structures [81]. Furthermore, the combination of laser-generated hierarchical architectures
with the principles of biomimetic design has been investigated to create multifunctional
surfaces with specified wetting, optical, mechanical and biological properties [82]. Broader
multifunctional applications of laser-processed surface architectures, including combi-
nations of wetting, optical, tribological and other functional responses, have also been
systematically demonstrated [83].

Corrosion resistance of laser-engineered surfaces depends on both surface morphology
and chemistry. Changes in morphology can alter the pathways for electrolyte penetration,
while laser-induced chemical changes can modify the protective oxide layer [84]. There-
fore, topography alone is insufficient to explain the corrosion response. This is clearly
demonstrated by femtosecond laser treatment of microarc-oxidized 6061 aluminum, which
transformed a porous oxide coating into a denser alumina layer and substantially improved
its electrochemical corrosion resistance [85]. The example shows that laser processing can
improve corrosion protection by modifying the coupled structure and chemistry of an exist-
ing surface layer, rather than simply changing its topography. Similar structure–chemistry
coupling also affects biological responses, including antibacterial and cellular behavior [86].

Optical properties of laser-fabricated surfaces are determined by the interaction be-
tween electromagnetic radiation and hierarchical architectures. Multiple scattering, in-
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creased optical path length, and light-trapping effects modify reflection and absorption
behavior, enabling the fabrication of broadband absorptive and antireflective surfaces [87].
In addition, variations in surface morphology and chemical composition affect emissivity
and radiative heat transfer, indicating that controlled laser-induced architectures can be
used to design optical and radiative properties.

Overall, structure–property relationships in ultrafast laser surface engineering should
be considered as dynamic interactions between laser-induced architectures and evolving
material states. The functional performance of a modified surface therefore cannot be
attributed solely to its final morphology but results from the complete sequence of laser–
matter interaction, structural formation, chemical evolution, and environmental adaptation.
This perspective provides the basis for the Surface-by-Design concept, in which functional
surfaces are developed by controlling their formation pathways rather than by selecting
surface structures after fabrication.

6. Comprehensive Characterization and Reconstruction of
Laser-Modified Surface States

The final state of a surface after femtosecond laser processing is determined by a
combination of structural, chemical, and phase-related changes; therefore, its proper inter-
pretation requires comprehensive analysis using complementary characterization methods.
Morphology, chemical composition, phase constitution, and defect structure are formed
through a sequence of non-equilibrium processes occurring during and after laser irra-
diation. Consequently, characterization should not be limited to recording the resulting
structures but should aim at establishing relationships between processing conditions,
material state evolution, and the resulting functional properties [88].

Femtosecond laser irradiation leads to the formation of a complex surface state, in
which topography, chemical environment of elements, and local material structure are
simultaneously modified. The formation of laser-induced periodic surface structures is ac-
companied by redistribution of surface components, oxidation, and changes in the chemical
state of the near-surface layer. For example, studies of LIPSS formation on titanium alloys
have demonstrated that laser processing parameters influence not only the geometry of
periodic structures but also the chemical heterogeneity of the modified region [89]. Similar
effects have been observed during the formation of periodic arrays on hard materials,
where variations in processing conditions result in changes in microstructure and surface
characteristics [90].

Reconstruction of the surface state requires consideration of several levels of infor-
mation obtained by different experimental techniques. Electron microscopy provides
information on the resulting morphology and local features of the modified layer, whereas
spectroscopic and diffraction methods complement these observations by revealing the
chemical and structural state of the material. XPS enables identification of changes in the
chemical state, including the formation of oxygen vacancies, Raman spectroscopy reveals lo-
cal structural rearrangements and defect states, and XRD provides information on changes
in crystal structure and residual stresses induced by femtosecond laser treatment [91]. The
interpretation of these data requires consideration of differences in the depth of analysis
and the spatial heterogeneity of laser-modified regions, since each technique provides
information on different levels of the material’s structural and chemical state.

Comprehensive studies of laser-modified materials demonstrate that structural
changes cannot be considered independently from chemical evolution of the surface. Dur-
ing femtosecond processing of metallic materials, morphological transformation is accom-
panied by changes in the composition of the surface layer, oxidation state, and wettability
characteristics, which determine the subsequent functional response of the surface [92]. In
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multicomponent systems, these processes may result in chemically heterogeneous regions
caused by oxidation, elemental redistribution, and changes in phase composition. Addi-
tional insight into such systems can be obtained using depth-resolved chemical analysis
methods, including the development of XPS profiling approaches for laser-modified thin
films and multilayer structures [93].

However, characterization of the final surface state alone is insufficient for a complete
understanding of the mechanisms governing the formation of functional properties. The
sequence of processes occurring during laser irradiation must also be considered, including
energy redistribution, temperature evolution, structural rearrangements, and defect forma-
tion. Studies of ultrafast laser-induced processes indicate that the transition from material
excitation to the formation of a stable structure involves a series of intermediate states
that influence the final properties of the modified region [94,95]. In addition, processing
parameters such as pulse repetition rate can lead to heat accumulation and simultaneous
changes in morphological, chemical, and crystallographic characteristics of the surface [96].

Laser-modified surfaces may also continue to evolve after completion of the treatment
due to interaction with the surrounding environment and relaxation processes. Changes in
chemical composition, surface energy, and wettability may occur over extended periods
after structure formation. It has been demonstrated that additional chemical treatment of
laser-induced periodic surface structures can modify both residual surface chemistry and
nanoscale morphology, resulting in changes in functional performance [97]. The influence
of post-processing chemistry is further illustrated by femtosecond-laser-structured Ti6Al4V
surfaces, for which different cleaning solvents produced different wetting states and differ-
ent changes in water contact angle during subsequent aging, despite the use of the same
laser-structured surface [98]. This result shows that the functional evolution of a laser-
modified surface cannot be attributed to its initial morphology alone, because subsequent
chemical treatment can modify the surface state and its evolution over time. Similarly, the
role of oxygen in the formation and stabilization of wetting states after femtosecond laser
treatment of metals demonstrates that chemical evolution of the surface is an important
factor determining long-term behavior [99].

Functional characteristics of laser-modified surfaces result from the interaction be-
tween the generated architecture, chemical state, and operating conditions. For example,
biological and catalytic properties of femtosecond laser-treated titanium surfaces are de-
termined not only by the created morphology but also by changes in surface chemical
composition [100]. In tribological systems, the effectiveness of laser texturing is associated
with changes in real contact area, stress distribution, and the formation of interfacial layers
during sliding [101].

A similar multiparametric behavior is observed for surfaces designed to control in-
teractions with liquids and ice. Hierarchical laser-generated structures enable regulation
of wetting processes, reduction of ice adhesion, and improvement of surface functional
stability. Studies of multiscale laser-induced topographies show that anti-icing perfor-
mance is governed by the combined influence of surface geometry, trapped air regions,
and liquid transport characteristics [102]. At the same time, long-term stability of superhy-
drophobic states requires consideration of chemical changes and structural durability under
environmental exposure. The reliability of laser technology is also an important factor
in the transition from laboratory-scale surface fabrication to reproducible manufacturing
of functional structures. In particular, the stability of optical components, spatial energy
distribution, and consistency of processing parameters determine the ability to obtain
identical surface states during repeated fabrication processes [103].

Thus, surface characterization after femtosecond laser processing should be consid-
ered not as a sequential measurement of individual parameters, but as a reconstruction
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of an interconnected structural and chemical state of the material. Morphology, chemical
composition, phase structure, defects, and subsequent surface evolution collectively de-
termine the functional response of laser-created architectures. This approach provides the
basis for the Surface-by-Design concept, in which surface engineering is associated not only
with selecting a final structure but also with controlling the processes responsible for its
formation and subsequent transformation.

7. Industrial Translation and Emerging Technologies
The transition of femtosecond laser surface engineering from laboratory-scale studies

to industrial technologies depends on the development of scalable processing strategies,
increased throughput, and reliable control of the resulting functional surface states. Current
advances in ultrafast laser processing are gradually moving beyond the demonstration of in-
dividual surface structures toward manufacturing approaches capable of producing tailored
surface characteristics over large areas and on complex components. Studies on industrially
oriented femtosecond laser processing of metallic surfaces demonstrate that productivity
improvements can be achieved through optimized scanning strategies, more efficient use
of pulse energy, and dedicated processing approaches [104,105]. High-throughput surface
engineering strategies based on parallel processing concepts and controlled laser energy
distribution provide additional opportunities for increasing processing efficiency [106].

Maintaining controlled structure formation during the transition to larger processed
areas and higher production rates remains a critical requirement for industrial applications.
Spatial control of laser irradiation, including intensity profile shaping, multi-beam pro-
cessing, and adaptive energy distribution, provides effective approaches for improving
processing uniformity and expanding the fabrication of complex hierarchical surfaces while
preserving their functional characteristics [107,108]. Interference-based beam-shaping
provides an additional route to control the spatial uniformity and characteristic scale of
laser-induced nanostructures; for example, interference of square flat-top femtosecond
laser pulses has been used to generate homogeneous nanostructures with controlled spatial
characteristics [109]. Parallel multibeam fabrication and active beam-shaping techniques
provide a practical route to increasing the throughput of ultrafast laser processing to levels
required for industrial applications [110].

Industrial application of femtosecond laser processing also requires a transition from
empirical parameter adjustment toward digitally assisted process control. Machine learning
approaches enable the identification of relationships between laser parameters, material
responses, and resulting surface properties, which is particularly valuable for complex
multiparameter systems. Physics-informed approaches further improve the reliability
of predictive models by incorporating fundamental constraints associated with energy
deposition, structural evolution, and functional performance [111,112]. In this context,
digital engineering becomes an integral element of the Surface-by-Design concept by
combining process modelling, experimental data analysis, and optimization of manufactur-
ing conditions [113]. An emerging extension of this approach is the use of femtosecond
laser processing to generate functional nanomaterials rather than only structured bulk
surfaces. For example, femtosecond laser generation of LaCoO3 nanoparticles produced
defect-rich catalysts with high CO oxidation activity [114]. Such examples broaden the
scope of Surface-by-Design from surface structuring toward laser-controlled functional
material synthesis.

Processing components with complex geometries represents a further step toward
industrial application, as conventional scanning strategies often provide insufficient control
over surface uniformity on non-planar structures. Advanced trajectory planning, surface
decomposition methods, and adaptive process control expand the applicability of femtosec-
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ond lasers beyond flat samples and laboratory-scale experiments [115]. Recent approaches
for producing three-dimensional and geometrically complex surface architectures demon-
strate the potential of ultrafast laser processing for manufacturing functional components
with predefined surface characteristics [116,117].

Industrial implementation of femtosecond laser surface processing still depends on
further improvements in processing speed, stability over large areas, and control of the
long-term evolution of generated surface states. These requirements are being addressed
through the combination of higher-power ultrafast laser sources, high-throughput structur-
ing strategies, adaptive diagnostics, and intelligent process control [118,119]. The industrial
realization of the Surface-by-Design concept therefore requires a transition from control-
ling individual laser parameters toward managing the complete evolution of the surface
state, including spatial energy distribution, structural formation, chemical transformation,
environmental interactions, and long-term stability of functional performance.

8. Discussion and Outlook
The analysis presented in this review indicates that femtosecond laser surface engi-

neering is undergoing a transition from fabrication of predefined surface architectures
toward deterministic engineering of evolving surface states. Conventional approaches have
primarily focused on optimizing laser parameters to generate specific morphologies and
subsequently correlate these structures with functional properties. Although this strategy
has enabled the development of numerous functional surfaces, it remains insufficient for
predicting long-term performance because laser-generated surfaces are not defined solely
by geometry, but by the coupled evolution of morphology, chemistry, phase composition,
defects, and residual stresses during processing and operation [26,49,70,96].

Within this context, the Surface-by-Design concept proposed in this review considers
the evolving surface state as the primary design object rather than the final geometric
structure alone. As outlined in the Surface-by-Design Framework (Figure 10), functional
surface design can be described as an integrated process linking controllable processing
parameters, surface state evolution, functional characteristics, and feedback-driven opti-
mization. In this framework, femtosecond laser processing parameters—including pulse
duration, wavelength, fluence, pulse repetition rate, polarization, laser beam shaping, scan-
ning strategy, processing conditions, and the initial material state—define the conditions
under which the surface state evolves. The resulting surface state can be represented as a
coupled function of morphology, chemical composition, phase and structural state, defects,
and residual stresses, which collectively determine the final functional response.

A significant limitation of current approaches to laser surface engineering is the insuf-
ficient understanding of how laser processing parameters determine the resulting surface
state and how this state, in turn, governs the long-term functional response of the surface.
Laser irradiation does not alter a single structural parameter in isolation; it can simul-
taneously modify surface morphology, chemical composition, phase constitution, and
defect structure [70,89,92,96]. These changes are interrelated. For example, morphological
modification may be accompanied by changes in surface area and oxidation conditions;
oxide formation may be coupled with elemental redistribution and the formation of new
phases; and defect populations and residual stresses may evolve together with the mi-
crostructure. Consequently, the surface state measured after laser treatment represents a
set of interrelated characteristics rather than a set of independent variables.
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Figure 10. Surface-by-Design Framework illustrating the relationship between controllable fem-
tosecond laser processing parameters, surface state evolution, functional performance, and feedback-
driven optimization.

This coupling has a direct bearing on functional performance. Wettability, tribological
behavior, anti-icing performance, and corrosion resistance depend on the resulting sur-
face state, while also being affected by the history of laser processing and the subsequent
interaction of the surface with its environment [97,99,101,102]. During aging, cleaning,
abrasive wear, or service, the chemical composition, oxidation state, defect structure, and
other surface characteristics may change, leading to corresponding changes in functional re-
sponse. Thus, even surfaces with similar geometric architectures do not necessarily exhibit
similar functional properties: differences in oxide chemistry, defect density, metastable
phase content, residual stress, or aging state may result in substantially different functional
responses [70,81,88,97].

Accordingly, the causal relationship governing a laser-engineered surface cannot be
adequately described by a simple structure–property relationship. Processing parameters
generate a coupled surface state that determines the functional response, while subse-
quent environmental interactions may further modify this state and its performance over
time. Because morphology, chemistry, phase constitution, defects, and residual stresses
often change simultaneously, observed functional improvements cannot automatically be
attributed to a single surface characteristic. The representative studies summarized in
Table 2 compare processing conditions, resulting surface states, and functional responses,
highlighting both demonstrated functionalities and the strength of the available causal
evidence. The comparison is selective rather than exhaustive, and concomitantly varying
surface characteristics are not treated as independently established causal factors.
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Table 2. Representative comparative evidence linking femtosecond-laser-induced surface states to
functional responses.

Functional
Area/Ref. Material/System

Femtosecond
Processing/Surface

State

Quantitative
Functional
Response

Evidence-
Supported

Interpretation
Evidence and

Limitation

Corrosion
resistance [50] Mg–Ca–Zn alloy

Femtosecond surface
modification; ~2 µm

modified/refined
layer; phase

redistribution

Corrosion/pitting
decreased; numerical

value unavailable

Improvement
accompanies
near-surface
modification,

refinement and
phase redistribution

AS; duration and
electrochemical

metric unavailable

Catalytic activity [52] CuZn nanoparticles
from brass

30 fs; 1.6–3.2 J cm−2;
2–3 and 20–40 nm

populations; defects
increased with

fluence

Highest-fluence
sample was not most

active; conver-
sion/selectivity

unavailable

Size, defects,
oxidation and
agglomeration

jointly affect activity

CE/AS; descriptors
not independently

controlled

Wettability [70] Superelastic NiTi
213 fs;

Sa = 0.28–0.62 µm;
XPS Ni/Ti = 4.9–7.3

vs. 0.4 untreated
WCA ~70◦ → 131◦

Wetting co-varies
with morphology

and chemistry

CE; no single-factor
isolation

Wetting and
bioresponse [73] Poly-lactic acid

150 fs; Sa = 0.024 µm
untreated and

0.53–5.8 µm treated

WCA 164.8◦ → 5◦; S.
aureus adhesion

~5× higher

Hierarchical
structuring changes

wetting and
bioresponse

CE/AS; morphology
and wetting not

decoupled

Wettability and
aging [99]

Metals/stainless-
steel mesh

40 fs; modified depth
~100 µm; O ~17 →

45 at.%

WCA ~80◦ → <5◦;
aged 2–4 W: ~130◦;

8 W remained
superhydrophilic

Morphology and
oxidation jointly
govern wetting

evolution

CE; morphology and
chemistry coupled

Photocatalytic and
antibacterial
activity [100]

Ti; four generated
states

213 fs;
Sa = 3.280–0.061 µm;

rutile/anatase =
73/27 and 38/62

WCA = 16.8–56.0◦;
kapp = 6.9–21.2 ×
10−3 min−1; E. coli

reduction =
79%–87%

Different functions
rank coupled

morphology–oxide
states differently

CE; roughness,
phase and O content

co-varied

Anti-icing and
abrasion

durability [102]
Stainless steel

310 fs; LIPSS
800–900 nm; pillars

~40 µm apart,
~10 µm high

WCA 81◦ → 149◦;
frost delay ~5×;

freezing delay ~2.5×
after 25 cycles

Hierarchical texture
gives more durable

anti-icing
performance

CE; morphology and
aging chemistry not

separated

Hardness and
fatigue [80] AA2024 aluminum

120 fs; compressive
stress ~−300 MPa at
~4 µm; layer ~90 µm

Hardness
2.1–2.2 GPa; fatigue

life up to 38×;
strength +58 MPa

Compressive
near-surface state
associated with

improved fatigue

CE/AS; stress,
hardening and

microstructure not
independently

varied

Wettability, cleaning
and aging [98] Ti6Al4V

300 fs; Sa = 0.69 ±
0.09 µm;

solvent-dependent
surface chemistry

Day-1
WCA = 31.1–105.3◦;
day-14 = 48.3–108.5◦

Cleaning chemistry
changes wetting

evolution at fixed
laser structuring

CE/AS;
post-cleaning

morphology not
independently

verified

Wear resistance [79] Carburized AISI
9310 gear steel

FLSP; 50–200 µJ;
10–30 µm spacing;

hardness
+9.4%–17.4%; stress

+30.5%–103.1%;
hardening depth

150–300 µm

Wear rate decreased
10.1%–61.7%;

minimum
COF = 0.47

Hardening, stress
and refinement

improve wear; MLR:
hardening depth
most significant

CE/MLR; variables
not independently

controlled

CO-PROX
catalysis [114]

LaCoO3
nanoparticles

30 fs; defect density
2.8 → 6.5 × 10−4

nm−2; size and
Co/La also varied

24.56 × 10−5

mol s−1 g−1; CO2
selectivity 89%;

stable 15 h

Higher fluence
gave highest

high-temperature
activity among
laser samples

CE/AS; defects, size,
composition and

morphology
not isolated

Corrosion/MAO
repair [85] MAO-coated 6061 Al

40 fs; porous ~15 µm
oxide → dense

~10 µm two-pass
layer; α/γ-Al2O3

Icorr = 1.46 ×
10−13 A cm−2;

Ecorr = −111.5 mV;
Rp = 1.12 ×
1011 Ω cm2

Two-pass repair
closes transport

paths and improves
corrosion protection

CE/AS; phase,
morphology and

processing variables
co-varied

Note: FLSP, femtosecond laser shock peening; COF, coefficient of friction; MLR, multiple linear
regression; WCA, water contact angle; XPS, X-ray photoelectron spectroscopy; Sa, areal surface
roughness; CE, comparative evidence; AS, association without independent separation of surface
state variables; MAO, micro-arc oxidation; Icorr, corrosion current density; Ecorr, corrosion potential;
Rp, polarization resistance; CO-PROX, preferential oxidation of carbon monoxide.
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Table 2 illustrates both the functional potential of femtosecond laser surface engineer-
ing and the difficulty of separating the contributions of individual surface state variables.
In most studies, morphology, chemistry, phase composition, defects, and residual stresses
change simultaneously, so the measured functional response can be linked to the resulting
surface state, but not necessarily to a single characteristic. This limitation is particularly
clear for residual stress. In Ref. [80], compressive residual stress was accompanied by
increased hardness and a fatigue life improvement of up to 38-fold. Similarly, Ref. [79]
reported simultaneous increases in compressive stress, hardness, work-hardening depth,
grain refinement, and changes in surface topography and oxides, together with a reduc-
tion in wear rate. Although multiple linear regression identified work-hardening depth
as the most significant factor, these studies do not independently isolate residual stress
from other surface state changes. They therefore provide quantitative evidence for the
functional relevance of the modified surface state, but not for an independent causal effect
of residual stress.

The same distinction applies to the other functional responses summarized in Table 2.
For example, the NiTi study [70] shows that wettability changes together with surface mor-
phology and Ni/Ti chemistry, whereas the Ti study [100] demonstrates that photocatalytic
and antibacterial responses vary among states that differ simultaneously in roughness,
oxide phase constitution, and oxygen content. These studies are therefore valuable as com-
parative evidence of functional response to laser-generated surface states, but they should
not be interpreted as quantitative evidence that one specific surface characteristic domi-
nates the response. Establishing such causal contributions requires experimental designs
in which candidate state variables are independently varied or statistically identifiable,
supported by matched processing series and depth-resolved, multimodal characterization.

This distinction is central to the Surface-by-Design concept. The objective is not sim-
ply to replace the conventional structure–property relationship with another descriptive
framework, but to describe how a laser-defined surface state is formed, how its coupled
characteristics determine the initial functional response, and how subsequent environmen-
tal interactions modify that state and its performance. In this sense, the relevant design
relationship is dynamic: processing conditions determine the initial surface state; the sur-
face state determines the functional response; and ageing, cleaning, wear, oxidation, or
other service conditions can subsequently modify the surface state and thereby change the
functional response. The experimental evidence in Table 2 demonstrates why these stages
should be considered together rather than treated as independent processing–structure–
property relationships.

Against this background, the reported application classes can be compared in terms of
how different laser processing strategies generate coupled surface states and how these
states are used to achieve specific functions. The representative studies shown in Table 3
cover the main application classes, including wettability control, anti-icing, tribological and
anti-wear properties, corrosion protection, catalytic and photocatalytic activity, antibacterial
and biological responses, optical functionality, and multifunctional surfaces. Across these
application classes, a general shift can be observed from texturing primarily aimed at
producing a specific geometry toward the control of a coupled surface state encompassing
topography, chemical and phase composition, defect structure, and residual stresses. The
comparison therefore emphasizes applicability and trade-offs rather than a universal
parameter window: direct, localized processing provides broad flexibility in tailoring
surface states, but transfer between materials remains limited by aging, durability, and
incomplete separation of interacting mechanisms.
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Table 3. Comparative technological map of femtosecond-laser-engineered functional surfaces.

Functional Group Material/System Laser Processing Surface State Demonstrated
Functionality

Advantages/
Limitations/Gap

Wettability/self-
cleaning [70,92,98,99]

NiTi; Kanthal AF;
Ti6Al4V; metals

Femtosecond
texturing;

power/scan speed
varied [70]

Texture/LIPSS with
oxide/compositional

changes

Modified
wettability; stable

superhydrophilicity
[99]

Mask-free, spatially
selective treatment
enables control of

surface topography and
chemical state; the

primary objective is to
maintain wettability

over time

Anti-icing [102] Material not
specified

Femtosecond
processing

Nano-/multiscale
topography

Anti-icing
demonstrated

Multiscale texturing
enables control of the

surface interaction with
ice; the stability of this
effect under long-term

and cyclic
environmental exposure

requires evaluation

Tribological/wear
resistance [79,80,101]

AISI 9310 steel;
2024 Al

Femtosecond
shock/laser peening

Modified
near-surface

layer; textures

Anti-wear and
mechanical

improvement

Localized treatment
alters surface texture

and near-surface
properties; coordinated

optimization of
roughness, hardness,
residual stresses, and

wear resistance
is required

Corrosion
protection/controlled

degradation [50,85]

Mg–Ca–Zn alloy;
MAO-coated

6061 Al

Femtosecond
modification;

two-pass oxide
repair [85]

Surface
refinement/phase

redistribution;
denser

repaired oxide

Corrosion/pitting
reduced [50];

corrosion resistance
improved [85]

Control of the oxide
layer and phase
composition can

improve corrosion
resistance; data on
long-term stability
under operating

conditions are needed

Catalytic/photocatalytic
activity [52,100,114]

CuZn nanoparticles;
Ti; LaCoO3

Femtosecond
ablation or
treatment

Defect-
rich/modified

catalytic surfaces

Catalysis,
photocatalysis,
CO oxidation

Laser-induced defects
and chemical

modification create
active states; it is

necessary to establish a
relationship between

structure, activity, and
stability.

Antibacterial/biological
response [72,73,100]

Poly-lactic acid;
zirconia; Ti

Hierarchical
structuring;

laser + etching

Hierarchical
textures with

chemical
modification

Tissue response;
antibacterial activity

Spatially selective
processing enables the
creation of functional

biointerfaces;
standardized testing is
required to distinguish

the contributions of
topography, chemistry,
and material properties

Optical functionality
[60,76,87]

ZnO; Cu; infrared
optical systems

Maskless processing;
ablation;

micromachining

Subwavelength/
nanostructured

surfaces

Nanostructuring;
reduced

secondary-electron
yield; antireflection

Subwavelength
structures enable

localized control of
optical properties;

processing uniformity
and preservation of

functionality are critical
during scale-up

Multifunctional
surfaces [77,82–84,88] Metals; Ti alloy

Interference
patterning;

femtosecond
structuring

LIPSS/hierarchical
textures

Combined wetting,
optical, tribological,
biological functions

Femtosecond processing
allows the integration of

multiple surface
functions; competing

requirements complicate
their simultaneous
optimization and

stabilization

High-
throughput/scalable

texturing
[47,61,63,104–106]

Metals; LIPSS
surfaces

Parallel/multispot
processing

Parallel
LIPSS/nanotextures

High-throughput
processing

Parallel and multipoint
processing increases

productivity; thermal
effects and structural

uniformity remain the
main limitations
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The data summarized in Table 3 reveal a consistent trade-off between the specialization
of a surface’s functional properties and the manufacturability of that surface. Hierarchical
or defect-rich states can improve performance, yet the same coupled features complicate
reproducibility and mechanistic attribution; parallel processing improves throughput but
adds thermal and uniformity constraints. Thus, the main shortcoming lies not in the
absence of potentially realizable functional properties, but in the lack of standardized
protocols for assessing durability and predictive correlations that could be applied across
different materials and processing conditions, and which would link the complete history
of surface formation to its performance characteristics. Direct comparison of throughput,
cost, reliability, standardization, and process qualification across studies is also limited by
inconsistent reporting and non-equivalent processing and service conditions.

Surface-by-Design is used here not as a replacement for ICME or the processing–
structure–property paradigm, but as a surface-specific framework that applies this logic
to laser-modified interfaces, where morphology, chemistry, phase state, defects, residual
stress, and environmental history evolve in a coupled manner [5–7,49,71,96,97]. Its present
contribution is therefore not a validated universal inverse design workflow, but a frame-
work for organizing evidence and identifying the measurements and models required to
establish predictive relationships between processing, evolving surface state, and functional
performance [111–113].

Realization of this concept requires integration of multiscale characterization, in situ
monitoring, and data-driven methodologies into a closed-loop engineering strategy. Multi-
scale characterization techniques, including electron microscopy, atomic force microscopy,
X-ray photoelectron spectroscopy, energy-dispersive spectroscopy, diffraction-based meth-
ods, and spectroscopic analysis, provide essential information on the evolution of surface
state variables [70,88–96]. However, ex situ characterization alone cannot fully capture
transient processes occurring during ultrafast irradiation. Therefore, integration of in
situ and operando diagnostics, such as thermal monitoring, reflectometry, interferometry,
plasma diagnostics, and acoustic emission analysis, is required for real-time understanding
and control of surface evolution [46,47,61,62].

Studies investigating artificial intelligence, physics-informed machine learning, in-
verse design, and digital engineering provide promising opportunities to establish predic-
tive relationships between laser processing parameters, material responses, and functional
performance. These approaches may help move laser surface engineering from empirical
parameter optimization toward more predictive process design. However, their transfer
across different materials and processing histories remains challenging because laser–matter
interactions are highly nonlinear and strongly depend on material composition, initial sur-
face condition, and processing history. Broader application of such methods will therefore
require larger and more consistently structured datasets, standardized reporting of process-
ing and surface state characteristics, and explicit assessment of prediction uncertainty. In
addition, machine learning models should be combined with physically constrained de-
scriptions of laser-induced transformations so that predictions remain meaningful beyond
the range of experimentally investigated processing conditions [23,111–113].

Although femtosecond laser surface engineering has achieved substantial progress,
a number of important limitations remain unresolved. The reproducibility of ultrashort
laser processing is fundamentally constrained by the stochastic nature of laser–material
interactions and by the sensitivity of the process to variations in the initial microstructure
of the material. The absence of unified frameworks linking surface state characteristics
to long-term functional behavior further limits the ability to verify and ensure consistent
functional outcomes. These factors complicate the reliable transfer of laboratory-scale
processing conditions to different materials, geometries, and processing environments.
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Further progress will therefore require more stable and adaptive laser platforms, improved
multiscale characterization, standardized evaluation procedures, and predictive models
validated across different materials and processing conditions.

The future development of femtosecond laser surface engineering will depend on the
convergence of three interconnected directions. First, physics-informed learning approaches
should be developed to predict surface state evolution under complex laser excitation
conditions [112,113]. Second, adaptive laser systems combining dynamic beam shaping,
multimodal diagnostics, and closed-loop control should enable real-time regulation of
energy deposition and surface transformation pathways [9,46,61]. Third, standardized mul-
tiscale evaluation protocols should be established to correlate surface state characteristics
with functional performance, environmental stability, and operational lifetime [82,100,111].

Overall, femtosecond laser surface engineering is evolving toward an integrated manu-
facturing science in which optical energy delivery, nonequilibrium material transformation,
surface state evolution, and functional performance are considered as interconnected stages
of a single dynamic process. The objective of Surface-by-Design is therefore not simply to
create increasingly complex surface architectures, but to establish predictive and adaptive
strategies for designing functional surfaces with controlled evolution throughout their op-
erational lifecycle. In this sense, Surface-by-Design provides a conceptual bridge between
ultrafast laser physics, materials intelligence, and functional manufacturing, enabling a tran-
sition from experimentally optimized surfaces toward predictable and application-oriented
surface systems.

9. Conclusions
This review has demonstrated that femtosecond laser surface engineering is evolving

from an empirical, parameter-driven approach toward a multiscale, physics-informed, and
data-integrated framework for functional surface design. Within the proposed Surface-by-
Design framework, laser-generated surfaces are considered as evolving material systems
in which processing conditions, surface state evolution, and functional performance are
interconnected. The analysis of structural, chemical, and functional evolution shows that
laser–matter interaction generates hierarchical and history-dependent surface states whose
formation and performance cannot be fully described by isolated processing parameters or
equilibrium-based models.

A central conclusion is that the functionality of laser-engineered surfaces originates
from the coupled evolution of morphology, chemical composition, phase and structural
state, defects, and residual stresses during processing and subsequent environmental
exposure. Therefore, conventional linear process–structure–property relationships should
be extended toward state-aware descriptions that incorporate processing history, material
response, and temporal evolution of functional behavior.

Although substantial progress has been achieved in predictive modeling, multiscale
characterization, in situ diagnostics, and AI-assisted analysis and optimization, their inte-
gration into transferable manufacturing strategies remains incomplete. The major challenge
is therefore not the creation of increasingly complex micro/nanostructures, but the estab-
lishment of reliable causal frameworks capable of predicting and controlling surface state
evolution and functional performance under realistic operating conditions.

Future advances will depend on the convergence of physics-based models, artificial
intelligence, adaptive beam and process control, and standardized multiscale evaluation
methodologies. Such integration will enable a transition from fabrication of static laser-
generated textures toward deterministic engineering of dynamically evolving functional
surface states with predictable long-term performance, providing a pathway toward scal-
able and application-oriented surface manufacturing.
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